Abstract: Solitary wave interaction with porous breakwaters is studied by using a two-dimensional numerical model. In this model, flows outside of porous media are described by Reynolds-averaged Navier-Stokes equations. For porous flows, the spatially averaged Navier-Stokes equations, in which the effect of porous media is considered by including additional inertia and drag forces, are derived and implemented. The drag force is modeled according to Morison's equation assuming uniform spherical particles within porous media. The corresponding drag force coefficient is expressed as the function of Reynolds number and hence the proposed porous flow model is valid in a wide range of porous flow regimes, i.e., laminar ͑linear friction͒, transitional, and turbulent ͑nonlinear friction͒ flows. The numerical model is validated against available theories and experimental data for both long wave and solitary wave interaction with porous breakwaters. The model is then employed to study solitary wave interaction with fully emerged rectangular porous breakwaters with different length and particle size. Based on the results, the characteristics of wave reflection, transmission and energy dissipation are discussed. Additional numerical tests are conducted to study the effects of depth of submergence and porosity of breakwaters on wave transformation. The scale effects in small scale and large scale model tests are also discussed by performing numerical experiments in the reduced and enlarged numerical wave flumes.
Introduction
In the design of hydraulic structures, wave interaction with breakwaters is of great practical importance in coastal environments. Permeable breakwaters are widely used not only because they are more economical than impermeable breakwaters but also because they are effective in absorbing and dissipating wave energy. In design of porous breakwaters, the usual practice of assessing their functional efficiency is by the measure of wave reflection, transmission, and dissipation ͑RTD͒ coefficients. In practical designs, these coefficients are obtained either by conducting physical model tests or by using appropriate theoretical, empirical, or numerical models.
Most of the existing theoretical studies related to wave interaction with porous breakwaters assume linear periodic waves and rectangular breakwater shapes. In these studies, the energy dissipation inside the structure has been taken into account through the linearized friction coefficient, which is evaluated by applying Lorentz's principle of equivalent work. Several theoretical expressions for reflection and transmission coefficients have been derived for linear waves ͑e.g., Sollitt and Cross 1972͒, linear long waves ͑e.g., Kondo and Toma 1972; Madsen 1974͒ , and linear obliquely incident waves ͑e.g., Dalrymple et al. 1991͒ interaction with rectangular porous breakwaters. Attempts have also been made to extend these models for breakwaters of trapezoidal shape ͑Madsen and White 1975͒ and arbitrary shape ͑Sulisz 1985͒. Wave reflection and transmission by other nonconventional porous breakwaters such as Jarlan-type structures ͑Isaacson et al. 2000͒ and multislice structures ͑e.g., Twu and Chieu 2000; Twu et al. 2002͒ have also been addressed theoretically. In contrast to analytical approaches, direct numerical modeling has the advantage of dealing with composite breakwaters, inhomogeneous porous media, nonlinear waves, and nonlinear frictional force. Numerical investigations pertaining to periodic wave interaction with porous structures have been carried out by several researchers with the models based on potential flow theory ͑e.g., Gu 1990; Mallayachari and Sundar 1994͒, shallow water equations ͑e.g., Wurjanto and Kobayashi 1993͒, and Navier-Stokes equations and volume-of-fluid ͑VOF͒ approach for the free surface configuration ͑e.g., Van Gent et al. 1995; Troch and de Rouck 1999; Liu et al. 1999͒. In the last two decades, nonlinear wave interaction with coastal structures has received a considerable amount of attention. In many related studies, solitary waves have been considered as they represent important properties of nonlinear long waves, i.e., tsunamis, storm surges, etc., with the use of only one dimensionless characteristic parameter H / h, where H = wave height and h = still water depth. The evolution, transformation, and breaking of solitary waves by various impermeable structures that include obstacles, submerged dikes, and steps have been studied extensively experimentally ͑e.g., Goring 1978; Seabra-Santos et al. 1987 ; Grilli et al. 1994; Chang et al. 2001͒ , analytically ͑e.g., Lamb 1932; Miles 1979͒ or numerically ͑e.g. Losada et al. 1989; Yasuda and Hara 19901; Huang and Dong 2001; For solitary wave interaction with permeable breakwater, due to the nonlinear characteristics of solitary waves and nonlinear flow motion inside porous media, the previous theoretical studies needed to make various assumptions and linearization of resistance forces inside porous media. For example, theoretical expressions for reflection and transmission coefficients for solitary wave interaction with a rectangular emerged porous breakwater were derived by Vidal et al. ͑1988͒ by assuming that the length of the breakwater is small compared to the wavelength. In their study, the flow motion inside and outside of the porous breakwater was described by linear Boussinesq equations. The friction loss within porous media was represented by an equivalent linearized term. Silva et al. ͑2000͒ derived a theory to evaluate reflection and transmission coefficients for solitary wave interaction with porous breakwaters. In the derivation, the incident solitary wave was broken down to its harmonic series through Fourier analysis and the reflected and transmitted waves were obtained by multiplying the harmonic series of the incident wave by transfer functions, which were obtained by using plane-wave approximation based on linear wave theory. Friction coefficient was evaluated by Lorentz's principle of equivalent work.
Numerical studies for solitary wave interaction with porous breakwaters have been performed by Liu and Wen ͑1997͒, Lynett et al. ͑2000͒, Huang et al. ͑2003͒, and others. Liu and Wen ͑1997͒ studied solitary wave interaction with a porous breakwater by solving Boussinesq-type equations for the flow inside porous media. The nonlinear resistance force was linearized by employing a characteristic velocity, which depends on the upstream and the downstream velocities of the breakwater. Lynett et al. ͑2000͒ extended Liu and Wen's model to two dimensions and validated the model by using the experimental data for solitary wave transmission and reflection from rectangular breakwaters. Huang et al. ͑2003͒ simulated the interaction of solitary waves with submerged porous breakwaters. The flow inside porous media was modeled by the adapted Navier-Stokes equations in which the resistance force was included by incorporating the steady state resistance force ͑Ward 1964͒.
The objective of this paper is twofold. First, a new porous flow model will be developed for a wide range of porous flows from laminar, transitional, to fully turbulent flows. The model will be validated against available theories and experimental data. Second, the verified numerical model will be used to study solitary wave interaction with porous breakwaters with different structural geometry and porous materials. Tables of RTD coefficients as a function of relative breakwater length and particle size will be produced based on the computational results. Sensitivity analysis will be made on the effects of structural submergence, porosity, and flow Reynolds number.
Governing Equations in the Numerical Model
In the present model, the mean flow outside porous domain is described by Reynolds-averaged Navier-Stokes ͑RANS͒ equations in which turbulence is modeled by k-model. Detailed information on governing equations and numerical implementations can be found in Lin ͑1997͒ and Liu ͑1998͒. The porous flow model is improved from Liu et al. ͑1999͒ to include explicitly the Reynolds number ͑R͒ dependence of frictional forces. The spatially averaged Navier-Stokes equations are first rederived for the fluid domain within the porous media by including additional frictional forces. The equations are then transformed into the domain of entire porous media by relating fluid domain average with the control volume average ͑e.g., see Su and Lin 2005; Lin 2007͒ . The resulting governing equations for the control volume averaged porous flow with constant density read
In Eqs. ͑1͒ and ͑2͒, t = time; and = density and kinematic viscosity of fluid; and n = porosity. i , j =1,2 represent the horizontal and vertical direction, respectively, the overbar denotes the spatially averaged ͑within the entire control volume including both pores and particles͒ quantities, and the double prime denotes the spatially fluctuated quantities. The variables x, u, p 0 , and f = direction, fluid velocity, effective pressure ͑=p + g i x i , where p = pressure and g = gravitational acceleration͒, and resistance force, respectively. In Eq. ͑2͒, the force f i is caused by the presence of porous material in flow and it is composed of inertia and drag forces i.e.,
The inertia force is due to the effect of added mass, which increases the required momentum to accelerate a certain volume of fluid within a porous medium compared to a normal unsteady flow. Here, we assume that the flow in porous media is analogous to a flow through an assembly of uniform spherical particles. The total inertia force can be obtained by summing up the contribution from each spherical particle and taking the average as
where ␥ p = virtual mass coefficient and the suggested value by Van Gent ͑1995͒ is ␥ p = 0.34. The drag force f Di can be derived in a similar way as ͑Anderson 1994͒
where u c = characteristic velocity which can be estimated by u c = ͱ u i u i ; C D = drag force coefficient; and d 50 = mean diameter of solid particles. It is well known that the drag force coefficient for a single smooth sphere C Ds depends on R within the laminar region whereas C Ds is independent of R within the fully turbulent region. The empirical formula of the drag coefficient for a single smooth sphere was given by ͑Fair et al. 1968͒
where R = ͉U͉d 50 / with U being the local fluid velocity. According to Eq. ͑5͒, in the laminar flow regime ͑small R͒ C Ds can be approximated by C Ds =24/R that renders the conventional linear friction term ͑e.g., Darcy flows͒, whereas in the fully turbulent flow regime ͑large R͒ it can be approximated by C Ds = 0.34, which gives the nonlinear friction term. In the transitional regime, the term 3.0/ ͱ R becomes important. To account for other effects, i.e., the influence of neighborhood particles on wake flows, particle shape, surface roughness, orientation, gradation, etc., the final form of C D in Eq. ͑4͒ is corrected from Eq. ͑5͒ as
where c 1 and c 2 = modification coefficients for laminar and transitional and turbulent flows. KC= U max T / nd 50 = KeuleganCarpenter number, where U max = maximum water particle velocity and T = wave period. KC is included to account for the effects of the disturbance of boundary layer adjacent to solid particles due to oscillatory flows ͑e.g., waves͒ inside the porous media.
In this study, we define the effective wave period as The values of c 1 and c 2 are obtained by performing a series of numerical tests for wave interaction with porous beds ͑Karunar-athna and Lin 2006͒ and porous structures. The range of c 2 is from 1.8 to 4.2 with the use of the above defined KC. By comparing with extensive experimental data, the least-squares analysis fixes c 1 and c 2 to be 7.0 and 2.0, respectively, in this study. It is noted that with the use of these coefficient values for a onedimensional steady flow, Eq. ͑2͒ can be reduced to − 1 g dp dx The above-presented equation looks similar to Forchheimer's equation except that it has one more term to account for the transitional flow contribution. Historically, there were many proposals for the expression of A and B based on various theoretical assumptions and different sets of experimental data. A comparison was made by Burcharth and Andersen ͑1995͒ for various porous flow models and it is extended here ͑see Table 1͒ . It is found that the nonlinear expressions have relatively small variation in coefficient values whereas the linear expressions have different dependency on the power of ͑1−n͒ for different models.
The equation used in this study contains smaller values of coefficient constants for A and B, probably due to the inclusion of the additional term C and the use of the lowest order of dependency on ͑1−n͒ for the linear term. The coefficients c 1 = 7.0 and c 2 = 2.0 will be used in the following model validation against all experimental data and other numerical investigations. The only exception is for the validation against theoretical solutions where the coefficient values will be redefined according to those previously employed in the theories.
Model Validation
Conventionally, the wave reflection coefficient K R and transmission coefficient K T are defined based on wave height information
where H R = reflected wave height; H T = transmitted wave height; and Hϭincident wave height. The above-provided definition will be used in the model validation against both theoretical results and experimental data.
Model Validation against Various Theories

Validation against Madsen's (1974) Theory
Madsen ͑1974͒ derived analytical expressions for reflection and transmission coefficients for linear long waves impinging normally on rectangular porous breakwaters. Madsen ͑1974͒ showed that for a porous structure of length a wave reflection coefficient and transmission coefficient can be defined as
where = k w af 0 /2n with
ͬ k w = wave number; and = the angular frequency. f 0 = linearized friction factor with 
where H max = maximum wave height ͑measured at antinodes͒ and H min = minimum wave height ͑measured at nodes͒. 
Validation against Vidal et al.'s (1988) Theory
Vidal et al. ͑1988͒ derived a semiempirical theory to predict reflection and transmission coefficients when normally incident solitary waves interact with rectangular emerged porous breakwaters. With the assumption of k w a Ӷ 1, the reflection and transmission coefficients are expressed as
where the linearized friction coefficient Fig. 3͑a͒ , it can be seen that for the case of small permeability the numerical transmission coefficients are in good agreement with the theoretical transmission coefficients. However, for large k w a, a considerable difference exists between the numerical and the theoretical reflection coefficients. This is expected because the assumption of k w a Ӷ 1 was involved in the theoretical model. The discrepancy between the numerical and theoretical results of reflection coefficients also increases for large permeability ͓Fig. 3͑b͔͒. This could be caused by the linearization of the nonlinear friction loss, which becomes significant for large permeability, in the theoretical model. This phenomenon has been noticed by Karunarathna and Lin ͑2006͒ in the study of wave attenuation over porous beds.
Model Validation against Experimental Data
Comparison with Vidal et al.'s (1988) Experimental Data
Vidal et al. ͑1988͒ also conducted experiments to determine reflection and transmission coefficients when solitary waves interact with permeable breakwaters. The porous breakwaters were either 20 or 40 cm long and water depth varied from 25 to 30 cm. Wave amplitude was varied from 1.9 to 12.4 cm. Gravels having d 50 = 1.43 cm and d 50 = 2.43 cm were used and the measured porosity was n = 0.44 for all the cases. The reflected and transmitted wave heights were measured by using two wave gauges located 3.90 m in front of the seaward side of the breakwater and 2.00 m behind the rearward side of the breakwater, respectively.
These experimental conditions are numerically simulated. The computation domain is discretized by rectangular cells of ⌬x = 0.01 m. In the vertical direction, a nonuniform grid system is used whereas at least 10 uniform cells are kept within the wave height. Comparison of the numerical results to the experimental results is shown in Fig. 4 . The numerical results by Liu and Wen ͑1997͒ and theoretical results by Vidal et al. ͑1988͒ and Silva et al. ͑2000͒ are also shown in Fig. 4 . The transmission coefficients predicted from the numerical models and the theoretical models are in satisfactory agreement with the experimental data. However, the reflection coefficients are overpredicted by different numerical models and theories. Especially, the theoretical model by Vidal et al. ͑1988͒ significantly overestimates wave reflection coefficients for wave with strong nonlinearity, i.e., H / h Ͼ 0.1.
Comparison with Lynett et al.'s (2000) Experimental Data
Lynett et al. ͑2000͒ conducted experiments to determine reflection and transmission coefficients when solitary waves interact with rectangular permeable breakwaters. The experiments were carried out in a wave tank 30 m long and 1 m wide. Four porous breakwaters were tested. Two of the tests had a breakwater length of 15 cm whereas the mean diameters of the gravels used were d 50 = 1.6 cm and d 50 = 2.0 cm. The other two had a breakwater length of 30 cm and gravels had the mean diameters of d 50 = 1.6 cm and d 50 = 2.0 cm. The porosity of the porous media was n = 0.5 for all the models. The water depth was kept constant at 10 cm. Solitary waves with amplitudes between 1 and 4 cm were generated by using a piston wave maker. The free surface time series were taken 1 m in front of and 1 m behind the breakwater to calculate reflection and transmission coefficients based on wave height.
In the numerical experiments, the computation domain is discretized by uniform rectangular grids of ⌬x = 0.01 m and ⌬y = 0.001 m. Comparison of the numerical reflection and transmission coefficients to the corresponding experimental coefficients is shown in Fig. 5 . The numerical results from Lynett et al. ͑2000͒, who used a depth-averaged numerical model for the simulation, are also shown for comparison. According to Fig. 5 , it can be seen that results from both numerical models are in good agreement with the experimental results.
In the following study, we shall apply this model for the study of solitary wave interaction with breakwaters with different sizes and materials, during which wave breaking, vortex shedding, and wave overtopping sometimes take place and they can be well handled by the model based on the previous study ͑Liu et al. 1999͒.
Numerical Results and Discussion
It is noted that K R and K T defined in Eqs. ͑7͒ and ͑8͒ will have definite relationship with the reflected and transmitted wave energy for linear waves. For nonlinear waves, the definition of K R and K T based on wave energy flux is more appropriate to characterize wave energy variations during wave-structure interaction. Based on Lin ͑2004͒, who studied solitary wave interaction with impervious breakwaters, we have 
where EF I , EF R , and EF T = integrationϭintegration of wave energy flux carried by incident, reflected, and transmitted waves, respectively. The above-provided definition is equivalent to Eqs. ͑7͒ and ͑8͒ for linear waves but includes additional nonlinear contribution for nonlinear waves. The energy dissipation coefficient K D is then expressed as
͑15͒
The above-provided definition will be used in the following numerical study. Based on Sollitt and Cross ͑1972͒, a porous breakwater of arbitrary shape can be converted into an equivalent rectangular porous breakwater with the length a and the height b having the same submerged volume. The simple dimensional analysis will render the following functional dependency of RTD coefficients as
A complete study of this problem will produce a six-dimensional database that gives the values of RTD coefficients for any combination of valid
and R. Such a database, however, requires too much effort to obtain. In this present study, we will only make the analysis of RTD coefficient dependency on a / h and d 50 / h, the two most important parameters identified. However, sensitivity study will be conducted for b / h, n, and R. The effect of wave nonlinearity has been presented in the section entitled "Model Validation" and will not be discussed in this section. 
Setup of Numerical Experiments
Tabulated Results of RTD Coefficients for Different Combinations of a / h and d 50 / h Ratios
Tables 2-4 present the numerical results for reflection, transmission, and energy dissipation coefficients, respectively, for different combinations of a / h and d 50 / h ratios. The RTD coefficients are calculated by using the energy integral method, which calculates the RTD coefficients based on the integration of wave energy flux. From Table 2 , it can be observed that for any breakwater length, the reflection coefficient decreases when the diameter of solid particles increases. Further, for a particular particle diameter, the reflection coefficient is increased with the increase of the breakwater length up to a certain length of the breakwater and attained a constant value. The transmission coefficient, on the other hand, decreases with the increase of the breakwater length.
In cases where the length is large enough compared to the particle diameter ͑e.g., a / d 50 Ͼ 4,000͒, the transmission coefficient practically reduces to zero ͑Table 3͒. According to Table 4 , for small breakwater lengths the maximal dissipation coefficient occurs at small particle diameters. For large breakwater lengths, the dissipation coefficient increases as the increase of particle size in the testing range. As the tabulated data cover almost the full range of relative breakwater length and relative particle diameter with sufficiently small intervals, these tables can be easily used by an engineer to obtain the RTD coefficients for any combination of breakwater length and particle diameter. In the following sections, the influence of the relative length and particle size on performance of breakwaters will be addressed in detail.
Analysis of Solitary Wave Transformation
The graphical representation of the tabulated data for RTD coefficients is shown in Figs. 7-9, in which only selected data sets are presented. We shall use Figs. 7-9 to discuss some important properties of wave reflection, transmission, and energy dissipation when solitary waves interact with porous breakwaters.
Wave Reflection and Transmission
It can be seen from Figs. 7 and 8 that for very thin breakwaters waves transmit almost completely. For a particular solid particle size, with the increase of the breakwater length the reflection coefficient increases rapidly and achieves a constant value at a certain breakwater length and this constant is maintained for all the other larger breakwater lengths. Conversely, the transmission coefficient decreases rapidly and reaches zero at a certain breakwater length. This observation is in agreement with the finding by Yu and Chwang ͑1994͒, who concluded that there is an optimum thickness for a porous breakwater beyond which any further increase of the thickness may not lead to an appreciable improvement of its functional performance in reducing the transmission of water waves. The rapid increase of the reflection coefficients for thin breakwaters can be explained as a consequence of the combined effect of reflection of wave energy when the penetrated waves interact with the porous media and with the fluid at the leeward face of the Table 2 . Reflection Coefficient K R for Different Combinations of a / h and d 50 / h for H / h = 0.1 and n = 0.5 breakwater. It is known that, after the penetrated waves reach the leeward face of the breakwater, a part of the wave energy is transmitted whereas the rest is reflected back into the breakwater. This reflected wave is propagated toward the seaward face of the breakwater and at the interface a part is transmitted back into the seawater and combined with the previously reflected wave while the rest is again reflected back into the breakwater. This process takes place until the whole wave energy inside the porous breakwater is fully dissipated. For very small breakwater lengths, only the reflected waves from the leeward face of the breakwater may be significant. However, when the breakwater length becomes somewhat large, in addition to the reflection from the leeward face, the reflection from the porous media may also become significant. For this reason reflection coefficient increases rapidly with the increase of breakwater length for thin breakwaters. Beyond a certain length, reflection from the leeward face is less significant whereas that from the fluid within porous media may become constant due to the damping of wave energy inside the breakwater.
The rapid decrease of transmission coefficient with the increase of breakwater length for thin breakwaters may be due to the fact that the amount of wave energy dissipation through the pores within the porous media increases with the increase of breakwater length. This will result in the waves inside the porous structure to decay as it propagates to the leeward side of the breakwater. However, if the breakwater length is increased further, the decrease in wave transmission coefficient slows down. This occurs when the energy dissipation reaches to its maximum value. It is also observed that, even though the breakwater is very thick, transmission can still be significant if the diameters of the solid particles are large ͑e.g., a / h = 70 and d 50 / h = 0.2͒.
With the increase of the diameter of the solid particles, the reflection coefficient decreases and the transmission coefficient increases. When the diameter of the particle becomes large, the pore size within the porous media is also large. Hence, more wave energy is able to penetrate into the porous breakwater. Consequently, reflection coefficients are reduced while transmission coefficients increase.
Wave Energy Dissipation
In wave interaction with porous breakwaters, the energy dissipation mechanism includes both internal and external energy dissipation. Internal energy dissipation is mainly due to the friction within the pores of the structure. External energy dissipation, on the other hand, can be due to processes such as eddy formation and vortex shedding that occur near the breakwater. Fig. 9 presents the variation of energy dissipation coefficient with the increase of relative breakwater length and particle diameter. The sharp increase of energy dissipation coefficient with the increase of breakwater length for thin breakwaters can be attributed due to the increase of internal wave energy dissipation. This internal energy dissipation will be concentrated into a limited portion of the seaward side of the breakwater. Therefore, as the breakwater length increases further, the increase in energy dissipation coefficient starts to decrease and the coefficient achieves a constant value at a certain length of the breakwater when the internal energy dissipation slowly attains to its maximum value.
The results also indicate that the diameter of the solid particles that provides the maximum energy dissipation for a breakwater depends on the length of the breakwater. For very thin breakwaters, the maximum energy dissipation occurs for very fine particles and the energy dissipation is significantly reduced when particles become coarser. For thick breakwaters, however, energy dissipation increases with the increase of the particle diameter, at least within the test range.
Effects of Depth of Submergence
Sensitivity analysis is also carried out to calculate RTD coefficients by varying b / h from 0 to 1 + 2H / h for fixed parameters of a / h = 2.0 and d 50 / h = 0.02. The corresponding results are shown in Fig. 10 . As the relative height of the structure increases from 0 to 1+2H / h, the reflection coefficient increases and the maximum wave reflection occurs when b / h =1+2H / h, during which no wave overtopping occurs. Conversely, the transmission coefficient decreases monotonically. In addition, with the increase of breakwater height, the transmitted wave changes from a nonbreaking wave to a breaking wave. The rapid decrease of transmission coefficient from b / h = 0.8 to b / h = 1.0 reflects this phenomenon. Fig. 10 also suggests that wave energy dissipation greatly depends on the breakwater height. With the increase of structural height, the energy dissipation gradually increases and reaches a peak when b / h nearly equals 1. The increase of both friction inside the porous media and vortex strength outside of the breakwater contributes to increase of wave energy dissipation. In addition, if the structure is high enough, wave breaking also contributes. When the crest of the breakwater emerges from the free surface, the energy dissipation due to wave overtopping does not increase significantly. It becomes a constant when the waves are fully blocked by the emerged breakwater.
Effects of Porosity of Porous Material
The influence of porosity on RTD coefficients is studied by increasing the porosity of the breakwater from impermeable ͑n =0͒ structure to fully transparent ͑n =1͒ structure. Relative length of the breakwater and the relative diameter of the solid particles are fixed at a / h = 2.0 and d 50 / h = 0.02, respectively. Fig. 11 shows the variation of RTD coefficients with the increase of porosity. As expected the reflection coefficient decreases with the increase of n whereas the transmission coefficient increases with it. In a three dimensional numerical analysis, Golshani et al. ͑2003͒ reported the same finding for wave interaction with porous breakwaters. Similar results were also obtained experimentally for a porous breakwater with zero free board by Dattatri et al. ͑1978͒ , who concluded that transmission is increased with the increase of porosity. The present observation for the variation of reflection and transmission coefficient with porosity also agrees with the results obtained by Ting et al. ͑2004͒ , who experimentally studied porosity effects on wave transformation by submerged breakwaters and observed that less porous breakwaters provide large reflection coefficient and small transmission coefficient.
It is interesting to note that the breakwater with very small and very large porosity would dissipate less wave energy compared to breakwaters with the porosity in the middle range. The energy dissipation for breakwaters with very small porosity is small because most of wave energy is reflected back. On the other hand, breakwaters with very large porosity, waves basically see the structure as transparent and transmit through almost completely. For this particular case, the energy dissipation increases with n in the range of 0.3ഛ n ഛ 0.7.
Scale Effects
When a physical model is used to simulate a prototype, it is necessary that the model is "similar" to the prototype. This is achieved if the model displays similarity of shape, motion, and force that are known as geometric, kinematic, and dynamic similarity, respectively. For complete force similitude of a hydraulic model, both Froude ͑F͒ and Reynolds ͑R͒ criteria should be satisfied simultaneously when both gravity ͑F͒ and viscous forces ͑R͒ are important. However, for most of the hydraulic models, water is the only feasible fluid to use. In small scale models under the same gravity condition, we thus can only satisfy one criterion, F, most of the time. This will lead to large viscous forces in small scale models ͑Burcharth et al., 1999͒. The error resulting from imperfect modeling of the prototype is called scale effect.
In this study, the scale effect is investigated by conducting numerical experiments. Using the Froude law for scaling, numerical tests are performed in an enlarged and a reduced numerical wave flume. Each linear dimension, i.e., size of the computation domain, size of the structure, size of the porous material, and the amplitude of the wave is multiplied by factors of 10 and 1 / 10 ͑SF F = 10 and SF F =1/10͒, respectively, for the previous tests of b / h = 2.0 and d 50 / h varying from 0.001 to 0.1 ͑SF F =1͒. Here we shall consider the largest structure to be the prototype, the small structure to be the model, and the medium size structure to be the reference. The velocity ratios then become ͱ 10 and ͱ 1 / 10 for the prototype and for the small scale model, respectively, based on the constant Froude number
in the prototype, reference, and small scale model, where U = velocity scale and D = length scale. As the similarity of the kinematic viscosity is neglected the Reynolds criterion will not be satisfied in these tests. The RTD coefficients for the prototype O͑10 m͒, reference model O͑0.1 m͒, and small scale model O͑0.1 m͒ are compared in Fig. 12 . It is observed that RTD coefficients from the reference model are almost similar to the RTD coefficients from the prototype implying that scale effects are less significant in large scale model tests. However, for the small scale model tests, it can be seen that reflection coefficient is larger whereas transmission and dissipation coefficients are smaller compared to the corresponding coefficients in the prototype. The scale effects observed for reflection and transmission coefficients for small scale tests in the present analysis are in agreement with the reported scale effects by Wilson and Cross ͑1972͒. Kondo and Toma ͑1972͒ also observed that scale effects of porous breakwaters cause smaller K T for structures of small size.
The reason for the above-noted difference is caused by the neglect of R similitude, which becomes significant when R is small. The numerical simulation for the small scale model is rerun with a reduced kinematic viscosity that is easy in numerical simulation but not practical in actual physical modeling so that the Reynolds criterion is satisfied between the small scale model ͑SF F,R =1/10͒ and the reference case ͑SF F =1͒ besides Froude criterion. The corresponding results are shown in Fig. 12 . It can be seen that when both Froude and Reynolds criteria are satisfied the RTD coefficients from the reference case and the small scale model are almost the same. This confirms that if only the Froude law is used for scaling, small scale models can fail to predict RTD coefficients accurately. 
Conclusions
A new porous flow model is proposed in this study that is able to accurately calculate a wide range of laminar, turbulent, and transitional porous flows. This porous flow model is incorporated into an earlier two-dimensional RANS numerical code, which is then used to study solitary wave interaction with rectangular porous breakwaters. The present model is validated against the theory by Madsen ͑1974͒ based on long wave assumption and the theory by Vidal et al. ͑1988͒ based on linear Boussinesq equations. Excellent agreement is found between the numerical results and the theoretical results by Madsen ͑1974͒. The calculated transmission coefficients agree well with Vidal et al.'s ͑1988͒ theory. However, the reflection coefficient is overestimated by the theory when the relative structural length is large, which violates the assumption in the theory. For large permeability, the deviation between numerical results and theoretical results also becomes larger. The possible reason for this deviation could be the linearization of friction terms in the theoretical formulation, which has been demonstrated by Karunarathna and Lin ͑2006͒ in the study of wave attenuation over porous beds. The present numerical model is also validated with experimental results by Vidal et al. ͑1988͒ and Lynett et al. ͑2000͒ for solitary wave interaction with rectangular fully emerged porous breakwaters. For both experiments numerical results are in good agreement with the laboratory measurements.
The numerical model is then employed to calculate RTD coefficients for different combinations of relative breakwater lengths and porous particle diameters when solitary waves interact with emerged rectangular porous breakwaters. The results cover practically the full range of breakwater lengths and porous material sizes. The characteristics of wave reflection and transmission by porous breakwaters are discussed. It is found that for a given particle size reflection coefficient attains a constant value when the breakwater length exceeds a certain value, whereas the transmission coefficient decreases and reaches zero. This is because the energy dissipation is concentrated into a limited frontal portion of the breakwater. The results indicate that there is an optimal thickness for a functionally efficient breakwater for a particular size of solid particles. It is also found that the wave reflection can be significantly reduced by increasing the size of porous media especially for thin breakwaters. However, this will result in significant increase of transmission coefficient as more wave energy will penetrate into the breakwater through large pores.
The effects of depth of submergence and porosity of porous breakwaters on RTD coefficients are also investigated. Reflection coefficient increases whereas transmission coefficient decreases with the increase of breakwater height for submerged breakwaters. The rate of change of these coefficients is significantly increased when the waves change from nonbreaking to breaking waves. The maximum reflection and the minimum transmission occur when wave is fully blocked by the emerged breakwater. The results reveal that the increase of porosity results in the decrease of wave reflection and the increase of wave transmission. Further, at particular porosity energy dissipation attains the maximum value.
The present results confirm that scale effects are significant in small scale model tests when only the Froude number is used as the scaling law, which has been commonly practiced in most laboratory physical models for wave problems. The small scale model in the range of O͑10 cm͒ tends to give larger wave reflection and smaller wave transmission. When the model scale reaches O͑1 m͒, it gives very close results to the prototype O͑10 m͒. The numerical results reveal that when both Froude and Reynolds criteria are satisfied, which is however difficult to achieve in laboratory experiments, small scale models are able to predict almost the same reflection and transmission coefficients as those in prototypes.
